Phosphodiesterase 5A inhibitors (PDEIs) are first-line treatment for erectile dysfunction ([@bib4]), a common condition, especially among elderly men ([@bib21]). As population longevity increases, the overall prevalence of erectile dysfunction is expected to rise markedly, affecting more than 300 million men worldwide by 2025 ([@bib21]). Any serious adverse effects associated with PDEI use are therefore of major public health concern.

In 2014, a cohort study conducted by [@bib11] among US male health professionals found that self-reported use of the PDEI sildenafil was associated with an increased risk of melanoma (hazard ratio, 1.92; 95% confidence interval (CI), 1.14--3.22). However, this study lacked important data on timing, duration and dosing of PDEIs, tumour stage, and use of PDEIs other than sildenafil ([@bib11]).

An increased melanoma risk associated with PDEI use is biologically plausible. During the recent decade, knowledge of melanoma pathogenesis has improved, revealing that over 50% of melanomas contain activating mutations in *BRAF* (*OMIM \*164757*) ([@bib6]; [@bib2]; [@bib7]). The downstream effect of *BRAF* activation is suppression of PDE5A, and the suppression of PDE5A stimulates melanoma cell invasion and metastasis ([@bib1]). It is thus plausible that direct pharmacological inhibition of PDE5A may increase the risk of developing melanoma ([@bib1]).

Three additional studies of PDEIs and melanoma risk have subsequently been published. The first, conducted in Sweden ([@bib12]), found an increased risk for early stage disease (*in situ* and stage I), but a decreased risk for late-stage disease. In addition, there was no evidence of a dose response, although the highest category of exposure was modest. The next two studies were conducted in the UK CPRD ([@bib10]; [@bib13]), and like the study by [@bib11], did not report findings by tumour stage. The one study reporting higher categories of exposure did not observe a dose response ([@bib13]). The findings of each these studies, although not consistently reproduced, led authors to question the causality of observed associations.

Additional data are clearly needed on higher levels of PDEI use, given these higher exposures are more likely to be aetiologically relevant for cancer risk. It also is important to further examine potential differences by stage, as well as examine associations in populations with different patterns of PDEI use and different prevalences of major risk factors such as sun exposure. To address these needs, we performed two parallel case--control studies employing nationwide data from the Danish Nationwide Health Registries (DNHR) and from electronic health records at Kaiser Permanente Northern California (KPNC).

Materials and methods
=====================

We conducted two independent case--control control studies using DNHR and KPNC data. In our primary analyses, we compared use of PDEIs among men diagnosed with invasive melanoma (cases) to that of cancer-free men (controls) to estimate odds ratios (ORs) for melanoma associated with PDEI use.

Data sources
------------

As medical care in Denmark is provided by the National Health Authorities, the DNHR allow population-based registry linkage studies covering all Danish inhabitants (≈5.6 million). We obtained data from five Danish Nationwide Registries: the Danish Cancer Registry ([@bib5]), the National Prescription Registry ([@bib9]), the National Registry of Patients ([@bib17]), the Danish Education Registries ([@bib8]), and the Danish Civil Registration System ([@bib14]; [@bib16]). Further information on these data sources is provided in [Supplementary Appendix A](#sup1){ref-type="supplementary-material"}. We linked data using the unique personal identification number, assigned to all Danish residents since 1968 ([@bib14]).

Kaiser Permanente Northern California is an integrated health-care delivery system providing comprehensive inpatient and outpatient care, including pharmacy services, to over 3.6 million current members, comprising about 30% of residents of areas served around San Francisco Bay and the Central Valley of California. We used the KPNC Cancer Registry, the KPNC pharmacy database, and other electronic clinical databases at KPNC providing data on hospitalisations and outpatient encounters ([@bib18]). Additional information on the KPNC data sources is provided in [Supplementary Appendix B](#sup1){ref-type="supplementary-material"}. We linked data using a unique medical record number assigned to all health plan members.

Melanoma cases and population controls
--------------------------------------

We identified all men with a first diagnosis of primary invasive melanoma between 1 January 2000 and 31 December 2012 in the DNHR and between 1 January 2000 and 30 June 2014 in the KPNC database. At KPNC, we also identified men diagnosed with melanoma *in situ* during the same period. We used the date of diagnosis as the index date. To ensure the validity of our case material, we restricted the case populations to men with histologically confirmed tumours. Exclusion criteria was (i) age \<18 years or age \>84 years at diagnosis, (ii) \<5 years of continuous follow up prior to the index date, (iii) previous cancer diagnosis (except non-melanoma skin cancer), (iv) dermatological conditions predisposing to melanoma (xeroderma pigmentosum, congenital non-neoplastic nevi, and, in DNHR, additionally dysplastic nevus syndrome and benign melanocytic nevi), and (v) conditions with acquired immunosuppression (human immunodeficiency virus infection and organ transplantation). As \<5% of melanomas are diagnosed in non-whites, and membership of KPNC is racially/ethnically diverse, we also excluded (vi) non-white men within the KPNC. For additional details on exclusion criteria, see [Supplementary Appendix C](#sup1){ref-type="supplementary-material"}.

Within each study population, we used risk-set sampling to match 10 male population controls to each case by birth year, applying the same exclusion criteria as for cases. Further, to ensure similar availability of medication use and other health data for cases and controls at KPNC, we matched on a length of continuous health plan membership (in exact days). Controls were assigned an index date identical to that of the corresponding case. Cases were eligible for sampling as controls before their melanoma diagnosis. Thus, the calculated ORs provide unbiased estimates of the corresponding incidence rate ratios that would have emerged in cohort studies conducted in the underlying source populations ([@bib15]).

Exposure definition
-------------------

Our primary exposure was use of PDEIs. Ever use of PDEIs was defined as two or more filled prescriptions for any PDEI prior to the index date, while non-use was defined as none or one filled prescription. High use of PDEIs was defined as having filled prescriptions equivalent to ⩾100 tablets prior to the index date. We also constructed categories of cumulative use based on number of tablets (\<20, 20--49, 50--99, 100--199, 200--499, and 500+). In all definitions, we disregarded prescriptions filled within the year before the index date, as recent exposure is unlikely to be causally associated with cancer development ([@bib3]). All measures of exposure, including cut-offs, were selected prior to the conduct of the study. Marketing dates for single PDEIs in Denmark and the USA are provided in [Supplementary Appendix D](#sup1){ref-type="supplementary-material"}.

Statistical analysis
--------------------

We used conditional logistic regression to compute ORs for melanoma associated with ever or high use of PDEI, and with categories of number of tablets (as above). In all analyses, non-use of PDEIs constituted the reference group.

We adjusted for several covariates known or suspected to be associated with either erectile dysfunction or melanoma risk. A full account of this adjustment is provided in [Supplementary Appendix E](#sup1){ref-type="supplementary-material"}.

We further conducted a number of pre-planned subgroup and sensitivity analyses. These analyses are detailed in [Supplementary Appendix F](#sup1){ref-type="supplementary-material"}.

Other
-----

Analyses were performed using Stata Release 14.1 (StataCorp, College Station, TX, USA) for DNHR data and SAS version 9.3 (SAS Institute Inc., SAS Campus Drive, NC, USA) for KPNC data. The study was approved by the Danish Data Protection Agency. According to Danish law, studies based solely on registry data do not require approval from an Ethics Review Board ([@bib23]). The KPNC Institutional Review Board approved the study.

Results
=======

We identified 8871 and 6210 cases with invasive melanoma in the DNHR and the KPNC database, respectively. The exclusions left 7045 and 2972 cases in the two study populations (flowcharts presented in [Supplementary Results I](#sup1){ref-type="supplementary-material"}). Baseline characteristics for cases and matched controls in each study population are shown in [Table 1](#tbl1){ref-type="table"}.

In the DNHR, 6.4% (*n*=448) of cases were ever users of PDEIs, whereas 1.6% (*n*=113) were high users (⩾100 tablets). The corresponding prevalences for the KPNC population were 19.1 (*n*=568) and 4.5% (*n*=133). In the DNHR, sildenafil was the most commonly used PDEI (comprising 70% of all prescriptions among controls) followed by tadalafil (27%), whereas sildenafil (63%) and vardenafil (35%) were the most common PDEIs in the KPNC population.

In the DNHR, the adjusted OR for melanoma was 1.06 (95% CI, 0.96--1.18) for ever use and 1.22 (95% CI, 0.99--1.49) for high use of PDEIs ([Table 2](#tbl2){ref-type="table"}). The corresponding ORs in the KPNC database were 1.01 (95% CI, 0.91--1.12) and 0.95 (95% CI, 0.78--1.14) ([Table 2](#tbl2){ref-type="table"}). Dose-response analyses by cumulative number of PDEI tablets yielded estimates close to unity in both study populations, except for ORs of 1.44 (95% CI, 1.04--1.98) and 1.47 (95% CI, 0.75--2.89) for use of 200--499 and 500+ tablets, respectively, in the DNHR ([Table 2](#tbl2){ref-type="table"}). Test for trend did not reach statistical significance in either database.

Results for the association between high use of PDEIs and melanoma according to clinical stage at diagnosis are shown in [Table 3](#tbl3){ref-type="table"}. Within the DNHR, the OR was 1.21 (95% CI, 0.95--1.54) for localised melanoma and 0.75 (95% CI, 0.32--1.75) for non-localised melanoma. The corresponding ORs for the KPNC population were 0.99 (95% CI, 0.81--1.21) and 0.61 (95% CI, 0.30--1.23).

Analyses of individual types of PDEIs within the DNHR yielded ORs for melanoma of 2.05 (95% CI, 1.10--3.84) for use of 200--499 tablets of tadalafil and of 1.44 (95% CI, 0.99--2.11) and 1.39 (0.58--3.32) for 200--499 and 500+ tablets of sildenafil, respectively ([Supplementary Results II](#sup1){ref-type="supplementary-material"}). Within the KPNC population, use of 500+ tablets of sildenafil was associated with an OR of 2.50 (95% CI, 0.91--6.88), whereas use of 200--499 tablets of vardenafil revealed an OR of 1.38 (95% CI, 0.88--2.16) ([Supplementary Results II](#sup1){ref-type="supplementary-material"}). Neither of these results reached statistical significance in tests for trend.

Defining exposure by doses of PDEI instead of number of tablets did not influence the overall associations ([Supplementary Results III](#sup1){ref-type="supplementary-material"}). However, within the DNHR, use of more than 500 doses of PDEIs returned an OR of 1.85 (95% CI, 1.18--2.90). The corresponding OR was 1.22 (95% CI 0.89--1.67) for KPNC and tests for trend did not reach statistical significance in either setting.

Among 2184 cases with melanoma *in situ* and 21 582 controls in the KPNC database (for flowchart, see [Supplementary Results IV](#sup1){ref-type="supplementary-material"}), we observed an adjusted OR of 1.15 (95% CI, 0.95--1.41), with no apparent dose-response pattern (complete results are presented in [Supplementary Results V](#sup1){ref-type="supplementary-material"}).

In the KPNC population, adjustment for number of ambulatory visits attenuated slightly the ORs for both invasive and *in situ* melanoma with high use of PDEI (invasive melanoma: from 0.95 to 0.90; *in situ* melanoma: from 1.15 to 1.09) ([Supplementary Results V](#sup1){ref-type="supplementary-material"}). Similarly, supplementary analyses in DNHR showed that educational level, a determinant of health-care utilisation, constituted the most influential covariate in the adjusted analyses reducing the overall OR from 1.28 to 1.24, whereas adjustment for the remaining confounders only reduced the OR from 1.28 to 1.26 (data not shown). The generally marginal confounding was in accordance with the high degree of similarity in characteristics of cases and controls ([Table 1](#tbl1){ref-type="table"}).

Analyses according to subgroups defined by age, comorbidities, and concomitant medication had only limited influence on the OR estimates ([Supplementary Results VI](#sup1){ref-type="supplementary-material"}).

Finally, we observed a slightly stronger association for high use of PDEIs when using a 2-year lag time in the DNHR (OR, 1.28) compared with no lag time (OR, 1.15). Within the KPNC database, the corresponding sensitivity analysis did not materially influence the results (ORs, 0.99 *vs* 0.97).

Discussion
==========

In two independently conducted large-scale case--control analyses using Danish and US data, including more than 10 000 melanoma cases, we found little evidence for a causal relation between use of PDEIs and risk of melanoma. In the KPNC population, all estimates were close to unity both with increasing PDEI use and in patient subgroups. Results were generally similar in the DNHR data, although high cumulative use was associated with a moderate increase in the risk of melanoma, mainly driven by elevated risk estimates with use of ⩾200 tablets of PDEIs. Of particular note, PDEI use was associated with slightly increased risks of localised melanoma in Denmark and of melanoma *in situ* in the US data, whereas a decreased risk of non-localised disease was observed in both study populations. This pattern is compatible with a detection bias stemming from more intensive contact with the health-care system among PDEI users. The possibility of detection bias is further supported by the observed attenuation of associations after adjustment for education and ambulatory visits, incorporated in the analyses as markers of health-care-seeking behaviour.

In addition to its large size, the major strengths of the present study are its use of high-quality health-care data from two unique source populations, along with the use of similar study designs and data analyses in the two substudies. The two study populations differed with respect to patterns of PDEI use, melanoma incidence, and availability of data on potential confounders. Together, this heterogeneity permitted analysis of several different PDEIs, in two study settings with markedly different sun exposure, of disease ranging from *in situ* to advanced, and examination of a broad range of potentially confounding variables. This revealed important features such as the potential for detection bias. A mutual weakness in the two study populations was lack of data on lifestyle factors, notably sun exposure, smoking, and obesity. It is difficult to predict the direction in which these factors might bias the risk estimates; for example, smoking ([@bib22]) and obesity ([@bib19]) have been found to have opposite associations with melanoma risk. The study by [@bib13] suggested that sun exposure was associated with the use of PDEIs and confounding from sun exposure may thus have biased our risk estimates upwards. However, the only study with self-reported sun exposure information ([@bib11]) found very similar sun exposure histories in users and non-users of PDEIs. Another caveat in our study was potential exposure misclassification due to self-medication with PDEIs purchased over the internet ([@bib20]). However, as regular users of PDEIs in both Denmark and among KPNC members have a financial incentive for obtaining PDEIs by prescription, any online purchase would result predominantly in misclassification of true users among study subjects classified as non-users or with low-cumulative PDEI use, thereby introducing at maximum only a small bias towards the null.

Direct comparison of our findings with the study by [@bib11] is hampered by important differences in the analytical approach and data sources. In the [@bib11] study, PDEI exposure was defined as self-reported use at the start of follow up (ever or recent use compared with never use). Exposure status was not updated during follow up and no data were provided on dose--response relationships. In contrast, our data and analytical approach were very similar to that of the Swedish study by [@bib12]. Still, an important limitation of the Swedish study was the limited exposure period based on prescription data only from July 2005 onwards. Due to the sparse exposure data, the authors used a low cut-off to define high PDEI use at only six prescriptions, corresponding to 24--72 tablets (assuming 4--12 tablets per prescription). Our results, based on the hitherto largest study of the association between PDEI use and melanoma risk, thus complement those of the ([@bib12]) and the two other previous studies ([@bib10]; [@bib13]) by providing results for high cumulative use of PDEIs. Further, our study supports the notion that the slightly increased risk of notably localised melanoma observed across the studies can be attributed to residual confounding from sun exposure and health-seeking behaviour.

In conclusion, our findings provide little support for a causal association between use of PDEIs and risk of melanoma. Although we did observe marginally increased risks for melanoma *in situ* in the US study population and localised melanoma in the Danish population, we attribute these findings to more intensive health-care adherence among PDEI users, and thereby to the potential for earlier melanoma detection.
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###### 

Click here for additional data file.

###### Characteristics of invasive melanoma cases and their matched controls in the DNHR and the KPNC database

                                            **DNHR**        **KPNC**                    
  -------------------------------------- -------------- ---------------- -------------- ----------------
  Age, median (IQR, years)                61 (49--70)     61 (49--70)    64 (55--73)    64 (55--73)
  Use of PDEIs                                                                           
   Non-use                                6597 (93.6%)   66 295 (94.1%)  2404 (80.9%)   23 842 (81.4%)
   Ever use                                448 (6.4%)     4155 (5.9%)    568 (19.1%)    5465 (18.6%)
   High use (⩾100 tablets)                 113 (1.6%)      879 (1.2%)    133 (4.5%)     1351 (4.6%)
  Drugs                                                                                  
   Oral steroids                          939 (13.3%)     9784 (13.9%)   257 (8.7%)     2706 (9.2%)
   Weak/moderate topical steroids         812 (11.5%)     8351 (11.9%)   301 (10.1%)    3146 (10.7%)
   Strong/very strong topical steroids    1037 (14.7%)   11 390 (16.2%)  420 (14.1%)    4549 (15.5%)
   Thiazides                              1285 (18.2%)   12 676 (18.0%)  679 (22.9%)    6093 (20.8%)
   Beta-blockers                          1482 (21.0%)   14 837 (21.1%)  806 (27.1%)    8212 (28.0%)
   ARBs                                   1188 (16.9%)   11 438 (16.2%)  144 (4.9%)     1444 (4.9%)
   Low-dose aspirin                       1615 (22.9%)   16 956 (24.1%)  NA             NA
   Non-aspirin NSAIDs                     2265 (32.2%)   22 824 (32.4%)  677 (22.8%)    6670 (22.8%)
   Antidepressants                        1118 (15.9%)   11 996 (17.0%)  389 (13.1%)    4309 (14.7%)
   Statins                                1664 (23.6%)   16 701 (23.7%)  978 (32.9%)    9859 (33.6%)
  Diagnoses[a](#t1-fn2){ref-type="fn"}                                                   
   Non-melanoma skin cancer                222 (3.2%)      644 (0.9%)    813 (27.4%)    3900 (13.3%)
   Diabetes                                496 (7.0%)     4931 (7.0%)    500 (16.8%)    4927 (16.8%)
   COPD                                    185 (2.6%)     2710 (3.8%)    322 (10.8%)    3753 (12.8%)
   Alcohol-related disease                 219 (3.1%)     3244 (4.6%)    127 (4.3%)     1392 (4.8%)
   Moderate/severe renal disease           97 (1.4%)       789 (1.1%)    245 (8.2%)     2234 (7.6%)
  Highest education achieved                                                             
   Short (⩽10 years)                      1659 (23.5%)   21 450 (30.4%)  NA             NA
   Medium (11--13 years)                  3225 (45.8%)   30 399 (43.1%)  NA             NA
   Long (\<13 years)                      1931 (27.4%)   14 875 (21.1%)  NA             NA

Abbreviations: ARBs=angiotensin-II receptor blockers; COPD=chronic obstructive pulmonary disease; DNHR=Danish Nationwide Health Registries; IQR=interquartile range; KPNC=Kaiser Permanente Northern California; NA=not applicable; NSAIDS=non-steroidal anti-inflammatory drugs; PDEIs=phosphodiesterase 5A inhibitors.

Based on hospital diagnoses in the DNHR and both inpatient and outpatient diagnoses in the KPNC database.

###### Association between use of PDEIs and risk of invasive melanoma, specified by exposure pattern and disregarding prescriptions within the year prior to the index date

  **Exposure group**                                           **Cases**   **Controls**   **Adjusted OR**[a](#t2-fn2){ref-type="fn"}   **Adjusted OR**[b](#t2-fn3){ref-type="fn"}
  ----------------------------------------------------------- ----------- -------------- -------------------------------------------- --------------------------------------------
  **Danish Nationwide Health Registries (DNHR)**                                                                                      
  Non-use                                                        6597         66 295                   1.00 (reference)                             1.00 (reference)
  Ever use                                                        448          4155                   1.09 (0.98--1.21)                            1.06 (0.96--1.18)
  High use (⩾100 tablets)                                         113          879                    1.28 (1.05--1.56)                            1.22 (0.99--1.49)
  Number of tablets                                                                                                                                         
   \<20                                                           155          1475                   1.07 (0.91--1.27)                            1.06 (0.89--1.26)
   20--49                                                         120          1164                   1.03 (0.85--1.25)                            1.02 (0.84--1.24)
   50--99                                                         60           637                    0.99 (0.76--1.30)                            0.95 (0.72--1.24)
   100--199                                                       57           500                    1.14 (0.86--1.50)                            1.07 (0.81--1.42)
   200--499                                                       46           309                    1.51 (1.10--2.07)                            1.44 (1.04--1.98)
   500+                                                           10            70                    1.47 (0.75--2.87)                            1.47 (0.75--2.89)
  **Kaiser Permanente Northern California (KPNC) database**                                                                           
  Non-use                                                        2404         23 842                   1.00 (reference)                             1.00 (reference)
  Ever use                                                        568          5465                   1.04 (0.94--1.14)                            1.01 (0.91--1.12)
  High use (⩾100 tablets)                                         133          1351                   0.98 (0.81--1.18)                            0.95 (0.78--1.14)
  Number of tablets                                                                                                                                         
   \<20                                                           133          1494                   0.89 (0.74--1.06)                            0.88 (0.73--1.07)
   20--49                                                         188          1619                   1.16 (0.99--1.36)                            1.13 (0.96--1.33)
   50--99                                                         114          1001                   1.13 (0.93--1.38)                            1.09 (0.89--1.33)
   100--199                                                       63           761                    0.83 (0.64--1.07)                            0.80 (0.61--1.04)
   200--499                                                       62           509                    1.22 (0.93--1.60)                            1.18 (0.90--1.56)
   500+                                                            8            81                    0.99 (0.48--2.04)                            0.94 (0.45--1.97)

Abbreviations: OR=odds ratio; PDEIs=phosphodiesterase 5A inhibitors.

Adjusted for age and calendar time (by design; risk-set matching).

Fully adjusted model, that is, additionally adjusted for (a) use of oral steroids, weak/moderate topical steroids, strong/very strong topical steroids, thiazides, beta-blockers, angiotensin-II receptor blockers, low-dose aspirin (only in the DNHR), non-aspirin non-steroidal anti-inflammatory drugs, antidepressants, and statins; (b) diagnoses of non-melanoma skin cancer, type 1 or type 2 diabetes, chronic obstructive pulmonary disease, alcohol-related disease, and moderate to severe renal disease; and (c) highest education achieved (in the DNHR) and socioeconomic level based on the US Census block of residence (in the KPNC database).

###### Associations between high use of PDEIs (⩾100 tablets) and risk of melanoma, by clinical stage

  **Subgroup**                                                 **Cases exposed/unexposed**   **Controls exposed/unexposed**   **Adjusted OR**[a](#t3-fn2){ref-type="fn"}   **Adjusted OR**[b](#t3-fn3){ref-type="fn"}
  ----------------------------------------------------------- ----------------------------- -------------------------------- -------------------------------------------- --------------------------------------------
  **Danish Nationwide Health Registries (DNHR)**                                                                                                                          
  *In situ*                                                                NA                              NA                                     NA                                           NA
  Localised                                                              83/4865                       641/48 938                         1.30 (1.02--1.64)                            1.21 (0.95--1.54)
  Non-localised                                                           6/641                         78/6414                           0.75 (0.32--1.74)                            0.75 (0.32--1.75)
  Unknown                                                                24/1091                       160/10 943                         1.48 (0.96--2.30)                            1.44 (0.92--2.24)
  **Kaiser Permanente Northern California (KPNC) database**                                                                                                               
  *In situ*                                                             125/2059                      1066/20 516                         1.21 (0.99--1.47)                            1.15 (0.95--1.41)
  Localised                                                             120/2079                      1166/20 697                         1.03 (0.85--1.25)                            0.99 (0.81--1.21)
  Non-localised                                                           9/267                         150/2610                          0.58 (0.29--1.16)                            0.61 (0.30--1.23)
  Unknown                                                                 4/58                           35/535                           1.04 (0.35--3.10)                            0.98 (0.31--3.09)

Abbreviations: NA=not applicable; OR=odds ratio; PDEIs=phosphodiesterase 5A inhibitors.

Adjusted for age and calendar time (by design; risk-set matching).

Fully adjusted model, that is, additionally adjusted for (a) use of oral steroids, weak/moderate topical steroids, strong/very strong topical steroids, thiazides, beta-blockers, angiotensin-II receptor blockers, low-dose aspirin (only in the DNHR), non-aspirin non-steroidal anti-inflammatory drugs, antidepressants, and statins; (b) diagnoses of non-melanoma skin cancer, type 1 or type 2 diabetes, chronic obstructive pulmonary disease, alcohol-related disease, and moderate to severe renal disease; and (c) highest education achieved (in the DNHR) and socioeconomic level based on the US Census block of residence (in the KPNC database).
